Using spark plasma sintering (SPS) process, Ti particles dispersed Ti 40 Zr 10 Cu 36 Pd 14 metallic glass (MG) matrix composites were fabricated. The X-ray diffractometry (XRD), differential scanning calorimetry (DSC), scanning electron microscopy (SEM) and compressive tests were used for examining the microstructure and properties of the composites. The experiment results showed that the as-sintered composite exhibited mainly dense structure. The Ti-based MG and pure Ti particles were coalesced together closely. There was no distinct gap or interface between the Ti-based MG matrix and pure Ti particles. No crystallization was observed in the Ti-based glassy matrix. The addition of Ti particles improved the plasticity of the Ti-based MG composite, while had no significant influence on the thermal stability of MG matrix.
Introduction
Bulk metallic glasses (BMGs) possess an amorphous structure without long-range order, endowing them particular unique properties such as excellent corrosion resistance, large elastic limit (³2%), low elastic modulus, high strength as well as good formability in the supercooled liquid region. 14) The unique mechanical properties of BMGs can meet the requirements of biomedical applications, such as high recovery of strain (²2%) and low Young's modulus which can reduce the "stress-shielding" effect. 5) Excellent corrosion resistance of BMGs makes them favor of utilization in human body which is a complex corrosive system. Ti-based BMGs are expected to be applied as good biomaterials due to combining the advantages of both BMG and Ti alloy. Some works have been carried out about the fabrication of Tibased BMGs. 610) We have developed the TiZrCuPd(Sn) BMGs which exhibited high glass-forming ability (GFA), high strength and low Young's modulus.
1114) However, the lack of plasticity is a drawback which hinders the wide applications of BMGs. BMGs exhibit very limited plasticity, generally less than 2% before fracturing under compressing loads. Numerous efforts have been made to improve the plasticity in BMGs. Forming composite with plastic particles addition is considered as an effective approach.
Recently, MG matrix composites attracted much attention due to their improved characteristics.
1523) As a novel rapid sintering technique, the spark plasma sintering (SPS) can fabricate the high quality sintering materials within a short time by controlling some process parameters. The sintering can be carried out at a lower temperature and in a shorter time as compared with the conventional sintering process. Consequently, the SPS is adapted for sintering the materials which are required to suppress crystallization and grain growth, such as MGs. 2224) In the present work, metallic Ti particles with good biocompatibility and plasticity were chosen as second phase to improve the properties through the formation of Ti-based MG matrix composites using the SPS technique.
Materials and Methods
Ti 40 Zr 10 Cu 36 Pd 14 MG was chosen as a base material because of its high glass-forming ability. The ingots of the alloy were prepared by arc-melting the mixture of pure elements with purities above 99.9% in an Ar atmosphere. The alloy composition represents the nominal atomic percentage of the mixture. The Ti 40 Zr 10 Cu 36 Pd 14 MG powders were prepared by a high pressure argon gas atomization method, and then classified by a conventional sieving method. The powders with size less than 63 µm were used for the subsequent experiments. The Ti 40 Zr 10 Cu 36 Pd 14 MG powders were mixed with Ti particles (mean size of 75 µm) for 24 h using a V-type rotating mixer. The sintering was carried out in a vacuum using a SPS system (Model: SPS-3.20 MK-IV) at 643 K under a sintering pressure of 600 MPa. The heating rates were 50 K/min (from room temperature to 543 K), 10 K/min (from 543 K to 623 K) and 5 K/min (from 623 K to 643 K). The holding time at 643 K was 10 min. The sintered samples had a cylindrical shape with a diameter of 15 mm and a height of about 6 mm.
X-ray diffraction (XRD) with a monochromatic Cu K¡ radiation was used to examine the structure of the powders and the sintered samples. Thermal stability was evaluated by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. The microstructure of the sintered samples was examined by scanning electron microscopy (SEM) coupled with an X-ray energy dispersive spectrometer (EDS). The densities of the composites were measured by the Archimedes method. Compression tests were conducted using a conventional mechanical testing machine under an initial strain rate of 5 © 10 ¹4 s ¹1 . The samples with a rectangular shape of 2.5 mm in width, 2.5 mm in thickness and 5 mm in height were used for compressive test. Figure 1 shows the optical microscopy images of assintered samples with various Ti particle additions. All samples exhibit mainly dense structure with several pores. No obvious interface between particles is observed. For the samples with Ti particle additions, there are some shadows which indicate exist of various phases. With Ti particle content increasing, the areas of shadows increase. Figure 2 shows the density of the composite with various Ti particle additions. The density of the sample without Ti addition is 7.1 g/cm 3 , which is slightly lower than that of the as-casted BMG sample with the same composition (about 7.2 g/cm 3 ).
Results and Discussion
With increasing Ti particle content, the density decreases linearly. Figure 3 shows the XRD patterns of as-sintered samples with various Ti particle additions. The sample without Ti particle addition exhibits a broad halo corresponding to the MG matrix. Several diffraction peaks are superimposed over the broad halo for the samples with Ti particle additions. These peaks were indexed as hexagonal Ti phase, and the indices of lattice plane were also marked in the Fig. 3 . With the content of Ti particle increasing, the diffraction peaks become stronger. Figure 4 shows the DSC curves of the as-sintered samples with various Ti particle additions. There is no distinct difference between the DSC curves. All samples exhibit similar characters, such as T g , T x , curve's shape and the crystallization events. The T g and T x were characterized as 672 and 723 K according to the DSC curves. However, the crystallization peaks become weak with increasing Ti particles content. Figure 5 shows the compressive stressstrain curves. The sample without Ti particles addition exhibits high strength about 1950 MPa, and no plastic elongation. For the samples with 5 and 10 mass% Ti particle additions, the strength decreases slightly, while the plastic elongation increases. For the sample with 20 mass% Ti particles addition, the strength decreases to about 1350 MPa, while the plastic elongation increases to 2.1%. All samples with Ti particles addition exhibit a work-hardening procedure due to the plastic deformation of pure Ti particles. Figure 6 (a) shows the fracture surface of the sample with 10 mass% Ti particles addition. The fracture surface features two distinct zones. Zone (I) is evenly distributed vein-like structure, which is a classical MG fracture surface. At zone (II) there exists lots of toughness stripes, which were formed by the fracture of Ti particle. EDS was used to examine the compositions of various zones. The SPS process is an electrical sintering technique which applies a pulse DC voltage. The pulse electric current directly flows through the sintered powder materials in the SPS process, and a very high heating efficiency is offered. The SPS includes various phenomena: 2224) (a) electrical breakdown of surface oxide film and removal of contaminated layer on particle surface by spark generation and sputtering effect; (b) destruction of surface oxide film and neck formation between powder particles; (c) focused current and Joule heat at the neck; and (d) enhanced migration of atom or ion by the difference in temperature between neck and particle core as well as by electrical field, and neck growth. The phenomena provide advantages which cannot be obtained using the conventional sintering process. At the beginning of SPS process, the initial pressure is applied on the mixing particles and plays the role on neck formation. The neck formation is due to the geometric amplification of the pressure on the interparticle point contacts. At this stage the pulsed current is applied and a current path is established in metallic particles. The current is forced to choose the path of least resistance. Metallic particles would be locally melted at the contact interface due to the instantaneous Joule effect. The heat is transferred immediately and diffused to whole particles so that the intergranular bonding portion is quickly cooled. This favors the sintering of MG materials or metastable phase materials. 23) In the present work, the sintering temperature is 643 K, which is far lower than the crystallization temperature (723 K). Therefore, the crystallization during sintering would not occur. Our previous work synthesized Ti-based MG matrix composite with hydroxyapatite (HA) addition using the SPS method. The addition of HA, which had lower heat and electric conductivity, enhanced the "constriction resistance" as a result of decreasing the contact area of MG powders, furthermore, increases the local Joule heat. Also the existence of HA reduces the dissipation of Joule heat since HA has lower heat conductivity. Hence, the MG powders were partially crystallized. 23) In the present work, Ti particles were chosen as improve phase. Above mentioned partial crystallization was avoided completely. Both Ti 40 Zr 10 -Cu 36 Pd 14 alloy and pure Ti has high oxidation reaction at high temperatures. The inadequate vacuum during melting probably made some impurities, such as surface oxide film. This would suppress the atomic diffusion in the neck formation stage. The SPS process is expected to solve this problem because of its unique characters, as mentioned above.
The initial pressure during SPS process is so high (much higher than the yield strength of pure Ti) that the plastic deformation of pure Ti particles would occur. In addition, Ti 40 Zr 10 Cu 36 Pd 14 MG powders would also have a strong deformation during the sintering process due to the viscous flow of MG at the high temperature above 0.7T g . 23) These deformations cause the reduction of the pores in the sintered samples. The bonding at the interface between MG matrix and Ti particles can be improved through the formation of the protrusion by both plastic deformation of Ti particles and viscous flow deformation of MG powders.
According to Fig. 5 , we know that the plasticity was improved due to the addition of Ti particles. Shear banding in the MG matrix is a main factor to influence the plastic deformation in MG and MG composites. In the present composites, shear bands would be arrested by the MG/Ti interfaces and cannot travel freely or run away. The traveling distance, i.e., mean free path, of shear bands is affected by the presence of Ti particles and limited by the interparticle spacing of Ti particles. This interparticle free spacing is an effective index for the mean free path of shear banding. The smaller mean free path results in higher plasticity.
2426)
Hence, the Ti particles addition improves the plasticity of the composite.
The pure Ti has low density, excellent corrosion resistance and good biocompatibility. The Ti-based MG exhibits unique mechanical property, such as high strength and low Young's modulus. Combing with the advantages of MG and pure Ti, the Ti-based MG matrix composite is expected to be good candidate for applications of biomaterials.
Conclusions
We successfully synthesized the Ti-based MG matrix composite with Ti particles addition using SPS process. The as-sintered composite exhibited mainly dense structure. No crystallization was observed in the Ti-based MG matrix. The addition of Ti particles had no significant influence on the T g and T x of MG matrix. After SPS, the Ti-based MG powders and pure Ti particles were coalesced together closely. There was no distinct gap or interface between the Ti-based MG matrix and pure Ti particles. The addition of Ti particles improved the plasticity of the Ti-based MG matrix composite.
